Porous magnesium oxide was synthesized by a combustion method, with Mg(NO 3 ) 2 , ethylene glycol and deionized water as reactants, and characterized by X-ray diffraction, infrared spectroscopy, scanning electron microscopy, transmission electron microscopy and nitrogen sorption/desorption. The results showed that the as-prepared porous magnesium oxide has the multi-scale porous size with a large BET surface area of 203.8 m 2 g −1 . Magnesium oxides synthesized with other reactants have rod-shaped and granular morphologies, and their BET surface areas are 17.6 and 3.4 m 2 g −1 , respectively. Compared to the magnesium oxide with the low specific surface area, porous magnesium oxide exhibited higher adsorption efficiency with a maximum adsorption capacity of approximately 1088 mg g −1 in removing Congo red. The as-synthesized porous magnesium oxide could be used as an efficient adsorption material in Congo red removal from the wastewater.
Introduction
Textile, dyestuff manufacturing, paper industry, rubber and plastics industry will produce a large number of waste water containing dyes [1] . Except for visual reasons, the dyes can also be decomposed to produce various kinds of carcinogens, which is harmful to the environment and to the health of the human being [2, 3] . Therefore, dyes containing wastewater must be harmless disposal before discharge. At present, there are a variety of ways to deal with dyes wastewater, such as adsorption, photocatalytic degradation, activated sludge, coagulation, ozonation, electrochemical and ultrasonic techniques [4] [5] [6] [7] . Among these methods for the treatment of the dyes, the adsorption method has received more attention due to its simplicity, efficiency and availability of variety of adsorbents. Among these readily available adsorbent materials, such as, layered double hydroxides, zeolites, metal oxides, metal oxides are more advantageous due to its cheap value and easy to synthesize [8] [9] [10] . The applications of the metal oxides synthesized by solution combustion method have been reviewed by Li et al. [11] . And, Li et al. studied the antibacterial properties of magnesium oxide with surface oxygen vacancies synthesized by this method [12] . Using this method, BiOBr/Bi 24 O 31 Br 10 heterojunctions with oxygen vacancies have also been synthesized in Li's report [13] . As a common oxide, magnesium oxide has been used in the different area such as catalytic and adsorption field. Porous magnesium oxides can provide more contact sites to improve the treatment effect [14, 15] . Different methods have been used to synthesize porous magnesium oxides [16, 17] . Klabunde et al. have done a lot of research on the synthesis and application of magnesium oxide. For example, they were investigated the effect of the crystallites of magnesium oxide on the catalytic performance and the effect of vanadium and carbon doping on the adsorption properties of magnesium oxide [18, 19] . Using SBA-15 and CMK-3 as hard template, mesoporous MgO was synthesized in Tiemann's report [20] . Flower-like size MgO sphere and its composites with hierarchical structure were synthesized using ethylene glycol as addition agent in Zhu's report [21] . And, the products exhibited excellent adsorption capacity for dye. Hu et al. reported a one-step method for preparation of the MgO-SiO 2 composites with rough surfaces. The adsorption kinetics of the composite for CR were studied in his report [22] . Porous MgO with a specific surface area of 72 m 2 /g has been synthesized using a surfactant-assisted [24] . Using different reagents as fuels, a hybrid sol-gel combustion method has been used to synthesise MgO with variable crystallite size in Nassar's report [25] . However, a little research has been done on the removal of dye contaminants by porous MgO synthesized by combustion method.
In this study, a facile combustion process was used to synthesise porous MgO using magnesium nitrate, glycerol and deionized water as raw materials, and used other raw materials in comparison test. The structure, morphology and surface properties of the as-prepared porous magnesium oxides were studied by a series of characterization, such as XRD, SEM and many more. Finally, the adsorption properties of the material on Congo red were studied in detail.
Experimental section

Materials
Magnesium nitrate, magnesium hydroxide and ethylene glycol were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. All chemicals were used directly without further purification.
Synthesis of porous magnesium oxide
Magnesium nitrate (1.28 g) was added to a 4 mL mixed solution containing ethylene glycol and deionized water with a volume ratio of 1:1. After stirring for 30 min, the solution (without drying) was transferred into the crucible and calcined at 600 °C for 2 h in a muffle furnace. The obtained white fluffy-like powder was marked as P-MgO and used for characterization and adsorption. In addition, magnesium nitrate and magnesium hydroxide are used as raw materials for comparison test. Raw materials (2.00 g) were put into the crucible and calcined at 600 °C for 2 h in a muffle furnace. The obtained white powder was marked as N-MgO and H-MgO.
Characterizations
X-ray diffraction measurements are carried out on a Bruker D8 advance diffractometer, Fourier-transform infrared (FTIR) spectra are collected on a VERTEX80 spectrophotometer using KBr pellets. The morphology was characterized by transmission electron microscopy (TEM, Hitachi H-7650, 100 kV) and scanning electron microscopy (SEM, Hitachi S-4800 microscope). The Brunauer-Emmett-Teller (BET) specific surface areas of the products are analyzed by nitrogen adsorption in a NOVA 2000 nitrogen adsorption apparatus. The concentration of the Congo red dyes are analyzed with a Agilent Cary4000 spectrophotometer, measuring the absorbance at k max = 488 nm, using the appropriate calibration curve.
Removal of Congo red
The removal studies were carried out in a series of 100 mL Cone bottle by giving a suitable shaking time with a given dose of adsorbent together with 100 mL Congo red solution. Batch equilibrium isotherms with different concentrations of Congo red were studied by contacting P-MgO (0.05 g) for 2 h at room temperature. After equilibration, the used P-MgO was separated from the solution by centrifugal, and the supernatant was analyzed by Cary4000 spectrophotometer. The amount of the Congo red loading (mg) per unit mass of P-MgO were obtained by formula (1) and (2), respectively. The formula has been listed in the supporting information.
Results and discussion
Powder X-ray diffraction
The XRD patterns of the as-prepared porous magnesium oxide (P-MgO, N-MgO, H-MgO) and P-MgO after adsorption of Congo red are shown in Fig. 1 . All the peaks in diffraction patterns of P-MgO, N-MgO, H-MgO can be indexed to cubic magnesium oxide (JCPDS 45-0946) peaks, no other phases. The lattice parameters of as-prepared MgO were (Table S1 ). This means that all the as-prepared magnesium oxide samples corresponded to pure MgO product. The possible combustion reaction is shown by the following equation:
The crystallinity of the P-MgO is lower to the others, which may be caused by the gas produced during the combustion process inhibits the crystal growth. This defective crystal may be more advantageous for adsorption due to its higher surface energy. After adsorption of Congo red at the condition of P-MgO 0.1 g, 100 mL, C 0 = 2000 mg/L, adsorption time 24 h, pH = 7, the XRD pattern of the product is shown in Fig. 1b . It can be seen that the product is mainly magnesium hydroxide, which is the result of the reaction of magnesium oxide and water [26] .
SEM and TEM
The SEM images of P-MgO show sponge-like morphology, which compose of nano-crystallites and different sizes of holes, seen in Fig. 2a . The TEM images can prove this result. Figure 3a , b shows that the P-MgO exhibits variety of nano-size bubble-like holes overlap each other, and the size of inner holes are larger than the lateral ones [27, 28] . This means that the crystal growth of P-MgO is not complete and the grain size is small, which agree well with the XRD result. The H-MgO has a morphology of a micrometer-sized aggregates consisting of irregular rod and piece. The size of rod is about 200 nm long and 50 nm wide and the piece is in micron-sized. The N-MgO has a morphology of irregular particles with a size of about 1 μm. The presence of ethylene glycol plays a key role, which gas combustion is the main factor of forming such a porous morphology.
Nitrogen adsorption-desorption
Nitrogen adsorption-desorption isotherms were used for testing the surface and the porous characteristics of the as-prepared porous magnesium oxide (P-MgO, N-MgO, H-MgO) and P-MgO after adsorption of Congo red as shown in Figs. 4 and 5 . All of the samples show type IV isotherm curve due to the obvious hysteresis loops, the inset figure shows the hysteresis loops of the samples of N-MgO and H-MgO [29] . However, the as-prepared porous magnesium oxides have different types of hysteresis loops. P-MgO has a H2(b)-type hysteresis loop which means the material has an ink bottle like porous with wide bottleneck. N-MgO and H-MgO have H3-type hysteresis loop. H3-type hysteresis (1)
loop indicates that the material has a structure of piece agglomeration. P-MgO after adsorption of Congo red has a H3-type hysteresis loop [30] . The BET surface areas of as-prepared porous magnesium oxide (P-MgO, H-MgO, N-MgO) and P-MgO after adsorption of Congo red are 203.8, 17.6, 3.4 and 111 m 2 /g, respectively (listed in Table 1 ). The pore diameters of as-prepared porous magnesium oxide are found to be around 3-4 nm. The pore diameters curve of P-MgO has a major peak at 4 nm and distributed in the range of 1-3 nm, in the range of 20-50 nm also have a certain distribution. After adsorption of Congo red, the distribution of pores in the range of 1-3 nm disappeared and replaced by a new distribution in the range of 4-15 nm with a peak at 7 nm. The distribution of other pore sizes has not changed. This indicates that the pore structure of P-MgO undergoes a change during the adsorption process, the micro-pores are filled with the adsorbate, and during the formation of magnesium hydroxide process, some mesopores formed by the stacking of the sheet-like products.
FT-IR
The FT-IR spectra of the as-prepared porous magnesium oxide (P-MgO, N-MgO, H-MgO) and P-MgO after adsorption of Congo red are shown in Fig. 6 . The strong adsorption bands peak central at 3450 m −1 for all the samples are corresponding to the stretching mode of -OH stretching mode of the hydroxyl groups present on the surface due to the chemical adsorption of water on the surface [31] . The surface of MgO has acid-base properties, which makes it the ability to adsorb carbon dioxide in the air. The peak at 1451 cm −1 corresponding to the asymmetric stretching vibration of adsorbed carbon dioxide [32] . The bands in between 900 and 400 cm −1 are due to characteristic stretching of the Mg-O bond in MgO structure. After adsorption of Congo red, the new adsorption bands at 1056, 1124, and 1236 cm −1 are attributed to stretching vibration of sulfur-oxygen double bond. The adsorption bands at 3660 and 1640 are attributed to O-H stretching vibration of Mg(OH) 2 produced by reacting P-MgO with water [33] .
Effect of initial pH
The pH is an important factor affecting the adsorption of Congo red on the adsorbents [34] . Experiments were carried out using a constant temperature water bath oscillator and 0.05 g of P-MgO at room temperature to study the initial pH effect in the adsorption process. A volume of 50 mL of Congo red at a concentration of 500 mg L −1 was used, with a stirring at different pH for 6 h. The effect of pH on removal of Congo red on P-MgO is shown in Fig.  S1 . It can be seen that the pH has a little influence on 1 3 the removal rate and adsorption capacity. It is due to the magnesium hydroxide formed during the reaction process has a moderating effect on pH, which allows the pH of the solution to react within a certain range. This process reduces the effect of solution pH on adsorption.
Effect of adsorbent dose
The effect of P-MgO dose on the removal rate and adsorption capacity was studied at different dose (0.01-0.1 g) and is presented in Fig. S2 . A volume of 100 mL of Congo red at a concentration of 500 mg L −1 was used, with a stirring for 6 h. The result shows that the removal rate increased from 10 to 99% when the amount of adsorbent increased from 0.01 to 0.1 g, due to an increase in the number of available adsorption sites [35] . However, the adsorption capacity exhibits an opposite behavior to the removal percent, which may be due to an increase in the mass of the adsorbent at a defined dye concentration.
Effect of initial concentration
The effect of initial concentration of Congo red on adsorption was investigated in the concentration range from 50 to 1500 mg L −1 for 6 h at different temperature (Fig. S3 ). Adsorption capacity increases with the initial concentration of Congo red, and after a certain equilibrium concentration, the adsorption capacity becomes constant [36] .
Adsorption isotherms
Based on the above adsorption data, the Langmuir and the Freundlich isotherm equations were used to simulate the isotherms, equations are shown in Supporting Information. All the isotherm parameters calculated from the two isotherm equations are listed in Table 2 . By comparing the linear regression coefficients, we can see that the result of the Langmuir isotherm equation is much higher than those of the Freundlich model, which suggested that the adsorption process of Congo red on P-MgO is monolayer adsorption. To imitate the adsorption process of Congo red on P-MgO, the thermodynamic parameters ( ΔG 0 , ΔH 0 and ΔS 0 ) were calculated from thermodynamics equations (seen in Supporting Information) and listed in Fig. S4-6 . According to the results from calculation (seen in Table 3 ), the negative Gibbs free energy, positive enthalpy and positive entropy can explain that the adsorption process is a spontaneous, endothermic process, and the adsorption reaction more favorable at higher temperature [37] . Figure S7 shows the effect of the time on the adsorption of Congo red onto P-MgO at different temperature, the initial concentration of Congo red is 1200 mg L −1 . Like the vast majority of the adsorption process, the adsorption capacity of Congo red onto P-MgO increases with increasing adsorption time, and reaches the equilibrium at 60 min [38] .
Effect of contact time
As a comparative test, the same experimental conditions were used to test the adsorption properties of the other two adsorbents, seen in Fig. 7 . Under the same conditions, the equilibrium adsorption capacities of the two materials for Congo red were 190 and 210 mg g −1 , respectively. This result is much smaller than that of P-MgO. As discussed above, the P-MgO has a porous structure with larger BET surface area than that of N-MgO and H-MgO, giving it a higher adsorption ability.
Adsorption kinetics
The pseudo-first-order and pseudo-second-order kinetics equations are used to identify the kinetics of the adsorption process, equations are shown in Supporting Information, seen in Fig. S8-9 . The calculated kinetic model constants (Table 4) indicate that the experimental data fit better with the pseudo-second-order kinetic model with regression coefficients are 0.9995, 0.9996, 0.9997, respectively. This result means that the adsorption process is boundary layer and surface adsorption chemisorption [39] .
Regeneration
After regeneration by calcination at 600 °C for 1 h, the recycled P-MgO is used for studying the removal rate in a number of regeneration cycles. As shown in Fig. S10 , the removal rate of P-MgO in the first cycle is 78.9% in CR solution with an initial concentration of 2000 mg L −1 , indicating that the damaged material structure is not conducive to adsorption, which leads to a reduction in the removal rate.
Conclusion
In conclusion, porous magnesium oxide was successful synthesized and well characterized. The present study shows that the porous magnesium oxide has a good adsorption capacity for Congo red. The adsorption kinetic of Congo red is in good agreement with pseudo-secondorder kinetic model, and adsorption behavior can be well described by the Langmuir adsorption model. The results show that the adsorption process is spontaneous and exothermic, and a maximum adsorption capacity of 1088 mg g −1 was calculated from the above model. 
